1. Introduction {#sec1-ijerph-16-03639}
===============

Hand, foot, and mouth disease (HFMD) is a common infectious disease that mainly affects young children. It is usually characterized by fever, painful sores in the mouth, and a rash with blisters on the hands, feet, and buttocks. HFMD is caused by a group of enteroviruses, with Enterovirus A71 (EV-A71) and Coxsackievirus A16 (CV-A16) being responsible for the majority of these cases \[[@B1-ijerph-16-03639]\]. Enteroviruses are transmitted through contact with the mucus produced when an infected individual coughs or sneezes, and contact with contaminated surfaces and the feces of an infected person. Although HFMD is a self-limiting illness, a small proportion of patients particularly those infected with EV-A71 can develop severe complications that can be fatal, such as meningitis or encephalitis. Currently, there are no specific antiviral treatments for HFMD. Although two inactivated monovalent EV-A71 vaccines were licensed in China in 2015, the protective efficacy, safety, and affordability of these vaccines at the population level remains unknown, and the efficacy for HFMD caused by other viruses are unsure \[[@B2-ijerph-16-03639],[@B3-ijerph-16-03639]\].

HFMD was first reported in New Zealand in 1957, and the main pathogen---EV-A71 was first identified in 1969 in California \[[@B4-ijerph-16-03639]\]. Large outbreaks of EV-A71 caused HFMD have been reported mostly in children in East and Southeast Asia as well as mainland China since 1997 \[[@B5-ijerph-16-03639],[@B6-ijerph-16-03639],[@B7-ijerph-16-03639],[@B8-ijerph-16-03639],[@B9-ijerph-16-03639]\]. HFMD was reported to be the infectious disease with the highest yearly incidence (114.48 per 100,000) and one of the five infectious diseases with high case-fatality ratio among children in mainland China between 2004 and 2013 \[[@B10-ijerph-16-03639]\]. Therefore, it is essential to identify the risk factors of HFMD and establish a targeted early warning system for future control of HFMD epidemic and reduction of disease burden.

In the context of global climate change, increasing concerns have been raised over its impact on human health. As temperatures increase, epidemic viral diseases such as HFMD may develop longer and more intense transmission seasons \[[@B11-ijerph-16-03639]\]. The seasonality of HFMD incidence also indicates a potential role of meteorological factors \[[@B12-ijerph-16-03639]\]. A few studies have explored the association between meteorological factors and HFMD with inconsistent findings. There were mainly two patterns of the effect of temperature: Some studies supported an approximate inverted V-type effect \[[@B13-ijerph-16-03639],[@B14-ijerph-16-03639],[@B15-ijerph-16-03639]\], while some others suggested a one-way positive effect \[[@B16-ijerph-16-03639],[@B17-ijerph-16-03639]\]. A linearly positive effect as well as a non-linear effect of relative humidity on HFMD was both reported \[[@B17-ijerph-16-03639],[@B18-ijerph-16-03639],[@B19-ijerph-16-03639]\]. Similarly, both positive and negative effect of rainfall and sunshine duration were found \[[@B13-ijerph-16-03639],[@B17-ijerph-16-03639],[@B20-ijerph-16-03639],[@B21-ijerph-16-03639],[@B22-ijerph-16-03639]\].

It was well documented that air pollutants were harmful to non-communicable diseases \[[@B23-ijerph-16-03639],[@B24-ijerph-16-03639],[@B25-ijerph-16-03639],[@B26-ijerph-16-03639]\]. Besides, their impacts on infectious diseases such as measles, tuberculosis and diarrhea were also reported \[[@B27-ijerph-16-03639],[@B28-ijerph-16-03639],[@B29-ijerph-16-03639]\]. Studies on the effects of air pollutants on HFMD just emerged in recent years and were very limited. A previous Chinese study found there was no relationship between PM~10~ and HFMD \[[@B30-ijerph-16-03639]\], whereas another study reported a positive effect of PM~10~ on HFMD in female children \[[@B31-ijerph-16-03639]\]. A recent study in China showed that low PM~2.5~ and high ozone exerted a certain protective effect on HFMD incidence \[[@B32-ijerph-16-03639]\].

Shenzhen City was taken as our research area due to its high morbidity rate of HFMD. Shenzhen owned the largest number of HFMD cases among the reported 143 cities in mainland China in the period from 2009 to 2014 \[[@B14-ijerph-16-03639]\]. Shenzhen is located in the southeast coast of China, adjacent to Hong Kong, with low latitude and a typical subtropical monsoon climate. Besides, Shenzhen is the first Special Economic Zone established in China, as well as the window of China's reform and opening up. Based on the surveillance data of nearly a decade on HFMD, this study aimed to examine the effects of meteorological factors and air pollutants on the occurrence of HFMD by different lags, and to further examine differences in these effects across different subgroups.

2. Methods {#sec2-ijerph-16-03639}
==========

2.1. Data Sources {#sec2dot1-ijerph-16-03639}
-----------------

Daily cases of HFMD from 2009 to 2017 were obtained from Shenzhen Center for Disease Control and Prevention. HFMD was classified as a Class C legal infectious disease of the National Surveillance System on 2 May 2008. It is required that each case should be reported to the National Notifiable Disease Reported System within 24 h after diagnosis. Considering over 99% of HFMD cases reported in the system were occurred among children under 14 years old, we excluded those aged above 14 from the analysis.

Daily meteorological data (air pressure, temperature, relative humidity, rainfall, wind speed, sunshine duration) from 2009 to 2017 were obtained from Shenzhen Meteorological Service Center. Daily level of air pollutants (SO~2~, NO~2~, CO, O~3~, PM~10~ and PM~2.5~) was recorded using the average of measurements collected from seven (eleven since 2017) state-controlled monitoring stations. All the measurements were 1-hour average, except for the measurements of O~3~ in 2017, which were 8-hour average. To maintain consistency, the data of O~3~ measured in 2017 was not included in our analysis. Because PM~2.5~ was first incorporated into air quality standards in May 2012 in China, our analysis on PM~2.5~ was based on the data after 2012.

In this study, daily scaled data was used for all analysis, as literature suggested that it might be more reasonable to use the daily scale rather than weekly especially for those diseases with shorter incubation period like HFMD \[[@B33-ijerph-16-03639]\].

2.2. Statistical Analysis {#sec2dot2-ijerph-16-03639}
-------------------------

A distributed lag nonlinear model (DLNM) was developed in order to simultaneously assess the nonlinear and lagged effects of meteorological factors and air pollutants on HFMD incidence \[[@B34-ijerph-16-03639]\]. Allowing for over-dispersion, a quasi-Poisson regression was applied base on DLNM. The basic model is described as follows:$$\left. Y_{t} \right.\sim Poisson\left( \mu_{t} \right)$$ $$log\left( \mu_{t} \right) = \alpha + cb\left( {var} \right) + ns\left( {{time},{df} = 8/{year}} \right) + \beta DOW_{t} + \gamma Holiday_{t} + \mathsf{\tau}_{t}$$ where *Y~t~* refers to the counts of HFMD cases occurred on day *t*; *α* is the intercept; *var* is meteorological variable or air pollutant; *cb* refers to the cross-basis function, combining functions for both exposure and lag dimensions. In the *cb* functions with two degrees of freedom (*df*) and one *lag*, i.e., *cb* (factor, *df*~1~, *lag*, *df*~2~), natural cubic spline with *df*~1~ ranged from 2 to 6 was used to capture the nonlinear exposure--response curve of meteorological factors and air pollutants; a maximum *lag* of 14 d was applied to reflect the incubation period of 3--10 days for HFMD, and natural cubic spline with *df*~2~ ranged from 2 to 4 was employed to represent the lag--response curve of these factors; the criterion of minimizing quasi-Akaike information criterion (QAIC) was adopted to optimize the *cb* function, as reported in previous studies (seen in [Table S1](#app1-ijerph-16-03639){ref-type="app"}) \[[@B35-ijerph-16-03639],[@B36-ijerph-16-03639]\]. The long-term trend and seasonality were depicted using natural cubic spline function of time, denoted by *ns* (time). This is because natural cubic spline for time was less biased than penalize spline \[[@B36-ijerph-16-03639]\]. The eight degrees of freedom per year for *ns* (time) was determined using the QAIC and sum of partial autocorrelation coefficients (PACF), as the selection of degree of freedom for *ns* (time) described in previous literature (seen in [Table S2](#app1-ijerph-16-03639){ref-type="app"} and [Figure S1](#app1-ijerph-16-03639){ref-type="app"}) \[[@B14-ijerph-16-03639]\]. *DOW~t~* is day of the week on day *t*; *Holiday~t~* is a binary variable for adjusting the potential effect of public holidays including winter/summer school holidays; *τ~t~* refers to the autoregressive terms of daily HFMD counts on the logarithmic scale at *lag* 1 and *lag* 2 to control for the autocorrelations occurring in cases of infectious disease (seen in [Table S3](#app1-ijerph-16-03639){ref-type="app"} and [Figure S2](#app1-ijerph-16-03639){ref-type="app"}) \[[@B37-ijerph-16-03639]\]; *β* and *γ* are the coefficients of the corresponding terms. In order to examine the influence of extreme weather and pollution conditions, median of every factor was adopted as reference in calculation of the cumulative relative risk (cRR), which reflects the relative risk to its average level.

In order to obtain the most concise model, we borrowed ideas from stepwise regression to integrate six steps into a variable screening approach based on the following criteria: (1) Biological rationality based on the laboratory evidence or other literature; (2) statistical significance on outcomes; (3) avoiding concurvity; and (4) simplicity of the model. First, univariate models were used to exclude those statistically insignificant factors (seen in [Figure S3](#app1-ijerph-16-03639){ref-type="app"}). Second, spearman rank correlation test was taken for assessing concurvity between factors (seen in [Table S4](#app1-ijerph-16-03639){ref-type="app"}). Third, a stepwise method for variable screening with a cutoff probability of 0.05 for adding variables and that of 0.05 for removing variables was adopted to select those statistically significant factors. Fourth, three statistical indices were administered to analyze the interactions of those selected factors, including relative excess risk due to interaction, attributable proportion, and synergy index \[[@B38-ijerph-16-03639]\]. Fifth, to reduce the complexity of DLNM, QAIC was introduced to select plausible meteorological factors (seen in [Table S5](#app1-ijerph-16-03639){ref-type="app"}). Different choices of function for meteorological covariate were compared, which varied in different studies, including natural cubic spline of the current value, exponential moving average and cross-basis function (seen in [Table S6](#app1-ijerph-16-03639){ref-type="app"}). Sixth, the results from the above mentioned stepwise selection were combined with professional knowledge to select those plausible air pollutants. This variable screening procedure helped us select two meteorological factors (air temperature and relative humidity) and two air pollutants (NO~2~ and O~3~) for creating the most concise model. No first-order interactions between these factors were brought into regression models due to its statistical insignificance. Additionally, the other factors (e.g., sunshine duration and rainfall) were introduced one by one to this model as the QAIC values of several statistical models were close to the minimal QAIC of the most concise model. Besides, we conducted the sensitivity analysis by changing *df* (7--9) of controlling long-term trends and seasonality and changing the maximum lag days to 21 days for meteorological variables and air pollutants (seen in [Figure S4](#app1-ijerph-16-03639){ref-type="app"}). Further, we also stratified the analysis by gender, age and childcare patterns to explore the consistency of inter-layer results and identify sensitive populations. R software version 3.4.4 (R Foundation for Statistical Computing, Vienna, Austria) and SAS V9.4 (Sai Shi Software, Cary, NC, USA) were used for data analysis. Statistical significance was determined by the 95% confidence interval.

3. Results {#sec3-ijerph-16-03639}
==========

3.1. Descriptive Analysis {#sec3dot1-ijerph-16-03639}
-------------------------

Between 1 January 2009 and 31 December 2017, there were a total of 357,238 HFMD cases occurred in children aged 0--14 years in Shenzhen, with 75% of cases occurred among children aged 3 years or below. There were more male cases with a male-to-female ratio of 1.56:1. The average number of daily childhood HFMD cases was 106.6 (range: 0--860). Nearly 97% of the children could be categorized directly as scattered children (children living at home) or nursery children. Moreover, the descriptive summary of daily meteorological variables and air pollutants were also provided in [Table 1](#ijerph-16-03639-t001){ref-type="table"}.

[Figure 1](#ijerph-16-03639-f001){ref-type="fig"} showed the time-series distributions of daily HFMD cases, meteorological variables and air pollutants from 1 January 2009 to 31 December 2017 in Shenzhen (excepting for O~3~ and PM~2.5~). There were some seasonal pattern and long-term trend for these variables in general. For instance, there was an obvious seasonality for the HFMD occurrence with two epidemic peaks every year as well as an annual growth trend.

3.2. Associations between Meteorological Variables and HFMD Incidence {#sec3dot2-ijerph-16-03639}
---------------------------------------------------------------------

[Figure 2](#ijerph-16-03639-f002){ref-type="fig"} showed the cumulative associations between meteorological variables and HFMD occurrence over 14 days in the bi-meteorological variable models. The cRR of relative humidity on HFMD grew gradually from a minimum of 0.65 (95% CI: 0.57, 0.73) to a maximum of 1.21 (95% CI: 1.14, 1.30) within its range from 46.0% to 88.8%. Outside this range, however, the cRR declined with the increase of relative humidity. Sunshine duration showed a nearly linear negative effect, and the cRR at 5th and 95th percentiles were 1.15 (95% CI: 1.05, 1.27) and 0.89 (95% CI: 0.81, 0.98) respectively. The effect of rainfall showed an inverted V-shape peaking at 78.3 mm (the corresponding maximum cRR: 1.41, 95% CI: 1.22, 1.63) and turned insignificant above 120.6 mm. The cumulative effects of meteorological variables at 5th and 95th percentiles were displayed specifically in [Table 2](#ijerph-16-03639-t002){ref-type="table"}.

The lag--response curves in [Figure 3](#ijerph-16-03639-f003){ref-type="fig"} showed that cold effect (5th percentile of temperature vs. median) turned significant at *lag* 3, peaked at *lag* 6 and lasted until *lag* 9. While hot effect (95th percentile of temperature vs. median) turned significant at *lag* 2 and peaked at *lag* 5. Dry effect (5th percentile of relative humidity vs. median) turned significant at lag 2, while wet effect (95th percentile vs. median) turned significant at lag 3. They peaked both at lag 5. Risk of short sunshine duration (5th vs. median) and heavy rainfall (95th vs. median) continued to increase as lag days extended. A sensitivity analysis of the *lag*--response curves of air temperature and relative humidity with a max lag of 30 days were conducted and illustrated in [Supplementary Materials Figure S5](#app1-ijerph-16-03639){ref-type="app"}.

3.3. Associations between Air Pollutants and HFMD Incidence {#sec3dot3-ijerph-16-03639}
-----------------------------------------------------------

The overall cumulative associations over 14 days between air pollutants and HFMD occurrence were showed in [Figure 4](#ijerph-16-03639-f004){ref-type="fig"}. Among the various air pollutants examined in this study, the effect of O~3~ was significant. When the O~3~ concentration was greater than 104 µg/m^3^ (corresponding cRR: 0.90, 95% CI: 0.82, 0.99), the risk of HFMD decreased significantly. The cRR at 99th percentile of O~3~ were 0.85 (95% CI: 0.76, 0.94). The effect of NO~2~ on HFMD among children aged below 14 years appeared to be non-significant. A positive effect of SO~2~ and CO was observed but insignificant, as well as the negative effect of PM~2.5~ and PM~10~.

The results were similar when the maximum lag was increased to 21d and the *df* for controlling long-term trends and seasonality varied from 7 to 9 (seen in [Figure S4](#app1-ijerph-16-03639){ref-type="app"}).

3.4. Subgroup Analysis {#sec3dot4-ijerph-16-03639}
----------------------

The results of subgroup analysis were displayed in [Table 2](#ijerph-16-03639-t002){ref-type="table"}. A key finding was that NO~2~ increased the risk of HFMD incidence of children aged 0\~1 year. The single-lag effect of NO~2~ peaked at lag 0, and the RR value was 1.08 (95% CI: 1.02, 1.15). The cumulative effect of NO~2~ peaked at lag 9 and the cRR at 99th percentile was 1.47 (95% CI: 1.02, 2.13) ([Figure 5](#ijerph-16-03639-f005){ref-type="fig"}). Besides, the protective cold effect was stronger in females than males. Children aged below one year were most sensitive to both cold effect and hot effect. Compared with nursery children, the hot effect was stronger in scattered children. The dry and wet effects were similar in these subgroups, except that children aged below one year were more sensitive than other age groups. The adverse effect of short sunshine duration on HFMD was significant except for children aged 3--14 years and nursery children; the protective effect of long sunshine duration was significant except for females, infants and scattered children. The impact of 95th percentile of rainfall on HFMD incidence was highest in children aged below one year, and was similar in different gender and childcare pattern. The protective effect of O~3~ was insignificant in children aged below one year and was stronger in nursery children compared with scattered children.

4. Discussion {#sec4-ijerph-16-03639}
=============

In this study, we found that temperature, relative humidity, sunshine duration, rainfall, O~3~ and NO~2~ were significantly associated with the incidence of childhood HFMD, and the associations varied with gender age and childcare patterns.

We found the risk of HFMD incidence rose with the increase of daily temperature and leveled off at about 30 °C. Our study confirmed the facilitating effect of temperature on HFMD, which was consistent with studies in China and other countries \[[@B39-ijerph-16-03639]\]. Firstly, the reason may be that the infectivity of enterovirus increases with temperature over specific range (Hagiwara et al. 1983). Secondly, when the temperature is moderate, children take more outdoor activity and may have higher chance of exposure to infected individuals and contaminated surfaces \[[@B40-ijerph-16-03639],[@B41-ijerph-16-03639]\]. For relative humidity, when it was between 46.0% and 88.8%, the risk of HFMD incidence rose with the increase of relative humidity. The two thresholds were similar to that reported in another study in Shenzhen \[[@B17-ijerph-16-03639]\]. The extreme high levels of air temperature and relative humidity could increase the delayed incidence risk of HFMD, while their extreme low levels could decrease it. We also found an inverted V-shape effect of rainfall with the turning point of 78.3 mm, similar to a study in Guangdong with a lower peaking point (25 mm) \[[@B19-ijerph-16-03639]\]. In contrast to our finding, a study in Hefei suggested a positive effect of extreme precipitation (≥90th precipitation) on HFMD \[[@B20-ijerph-16-03639]\]. Firstly, the inconsistent finding might be due to the difference in measurement of rainfall. They treated rainfall as a categorical variable, but we incorporated it as a continuous variable into the model in order to depict it more specifically. Secondly, the average rainfall in Shenzhen was heavier than that in Hefei, thus our study could explore the effect of extreme rainfall on HFMD. A laboratory research showed no infectivity of Enterovirus B was recovered from dried soil and the rate of virus inactivation increased at low soil moisture levels \[[@B42-ijerph-16-03639]\]. An epidemiological study in Korea suggested that person-to-person contact and contaminated water could be the principal modes of transmission of HFMD \[[@B43-ijerph-16-03639]\]. Enteroviruses have been isolated from various types of water, including groundwater, treated sewage, marine water, and drinking water. We presume the positive effects of relative humidity and rainfall within a certain range could result from providing a suitable environment for activation and infectivity of enterovirus and giving more opportunities of water as a medium of communication. When relative humidity was above 88.8%, the decrease of HFMD incidence risk may be attributed to less physical outdoor activities of children due to discomfort and increased fatigue in extreme relative humidity and correspondingly less contact with infected person or contaminated surfaces, or slower excretion of feces with virus \[[@B44-ijerph-16-03639]\]. Similarly, the declines of risk under heavier rainfall (above 78.3 mm) could be attributed to less outdoor activities of host and susceptible person \[[@B40-ijerph-16-03639]\]. A nearly linear negative effect of sunshine duration on HFMD incidence was observed in our study, consistent with a study in Shanghai \[[@B13-ijerph-16-03639]\]. The reason may be the inactivation of virus caused by ultraviolet and evaporation of water in the environment under long sunshine duration.

As for the air pollutants, there were some noteworthy findings. O~3~ showed a significant protective effect on HFMD when it was greater than 104 µg/m^3^. So far, only one study explored association between O~3~ and HFMD, and it suggested the effect is possibly attributed to its inhibitory effect on the ability of enterovirus to survive or replicate in the external environment \[[@B32-ijerph-16-03639]\]. Ozone has been shown to possess broad-spectrum antimicrobial and antiviral activity \[[@B45-ijerph-16-03639]\]. Lin et al. demonstrated the potential of ozone for EV71 inactivation and found the ozone exposure of uninfected cells could stimulate cytokine production, which may help to suppress the virus replication upon EV71 infection \[[@B46-ijerph-16-03639],[@B47-ijerph-16-03639]\]. Based on this finding, we speculated a possibility of ozone therapy for HFMD, though no relevant clinical practice has yet been seen. Future studies are required to validate this speculate. What's more, for children aged 0\~1 year, NO~2~ increased the risk of HFMD incidence. This is the first epidemiological study on the association between short-term exposure of NO~2~ and HFMD cases to our knowledge. Vehicle exhaust is one of the main sources of urban NO~2~ and the rapid economic growth in Shenzhen boosted the car ownership, thus NO~2~ pollution in Shenzhen is relatively serious \[[@B48-ijerph-16-03639]\]. Although no laboratory studies have been found on the direct effects of NO~2~ on enteroviruses, a study about NO~2~ and other intestinal infectious disease indicated a positive correlation between the concentration of NO~2~ and the morbidity of rotavirus \[[@B28-ijerph-16-03639]\]. Given that the oral route also accounts for much of the exposure to air pollutants as the pollutants contaminate the food and water supply in significant amounts, NO~2~ may have direct effects on epithelial cells, cause systemic inflammation and immune activation, and modulate the intestinal microbiota \[[@B49-ijerph-16-03639],[@B50-ijerph-16-03639]\]. Another laboratory study showed NO~2~ may decrease virus-specific immunity in mice and increase the inflammation of cells regardless of whether NO~2~ exposure precedes or succeeds respiratory viral infections \[[@B51-ijerph-16-03639]\]. HFMD can also be spread by droplets, thus we suspect NO~2~ may affect HFMD in the same way as respiratory viral infections, increasing the risk of HFMD incidence by affecting immunity and inflammation and weakening the body's resistance to viral infection. Similarly, the significant harmful effect in children aged 0--1 year could be attributed to their relatively immature immune systems. More research is needed to confirm the association between short-term exposure of air pollutants and HFMD incidence and to explore the potential mechanism.

The subgroup analysis showed that children aged 0--1 year were most vulnerable to the adverse effect of high temperature, high relative humidity, short sunshine duration, and heavy rainfall. Infants have poor self-care ability and relatively immature immune systems, and thus are more vulnerable to these risk factors \[[@B52-ijerph-16-03639]\]. But they were not sensitive to the protective effect of O~3~. As we mentioned previously, the protective effect of ozone could be attributed to its inhibition on enterovirus in external environment. Infants are less likely to contact with contaminated surfaces due to their limited daily activity, thus being less protected by ozone. Compared with females, males had higher risk of HFMD incidence under high relative humidity, heavy rainfall, and were significantly protected under long sunshine duration. Maybe it is because males take more outdoor activities than females, which may increase their exposures to pathogen or contaminated surfaces \[[@B40-ijerph-16-03639]\]. Besides, females usually produce more vigorous cellular and more vigorous humoral immune reactions, and thus are more resistant to infections \[[@B53-ijerph-16-03639]\]. Compared with nursery children, scattered children were under a higher risk in days with high temperature and short sunshine duration, as well as a weaker protective effect of O~3~. Possible reasons may be that scattered children have poor sanitary conditions and poor hygienic practices due to the lack of supervision, thus they need more attention for the prevention effort.

There are some strengths of this study: firstly, the sample size is relatively large, with 357,238 HFMD cases among children aged below 14 years in Shenzhen since HFMD has been classified as a statutory reporting disease in 2008. Secondly, this is the first study to investigate the individual effect of various air pollutants on HFMD in Shenzhen, China. Methodologically, we have improved the model by screening variables to avoid severe concurvity, and controlling for autocorrelations caused by disease transmission. Thirdly, the analysis of effects on children was stratified by gender, age, and childcare patterns to identify susceptible populations.

Some limitations of this study warrant mention. Firstly, our study is a time series study, which is essentially an ecological design and has limitation in causal inference. Secondly, as not all infected people seek medical care, HFMD cases reported in the surveillance system may be underestimated. Thirdly, we had no access to the monitoring data on PM~2.5~ before 2013 and O~3~ after 2016. Further studies with complete data on these two air pollutants are needed. Fourthly, Shenzhen is under a relatively good air condition, thus our study fail to examine the effect of heavy air pollution on HFMD. Lastly, as an important source of variation of HFMD incidence, regional heterogeneity was excluded from this study due to the ethical prohibition on collecting personal geographical information. Daily routing analysis based on random walk model will be the focus of future research in HFMD incidence.

5. Conclusions {#sec5-ijerph-16-03639}
==============

Our study provided significant evidence on the nonlinear relationship and lagged effect between daily meteorological variables and HFMD incidence, and contributed to the limited knowledge of impacts of air pollutants on HFMD incidence. Our study identified the harmful effect of NO~2~ on HFMD among children below one year for the first time. Also, we found an inverted V-shape effect of rainfall and a protective effect of ozone on HFMD. Other meteorological factors such as temperature, relative humidity, sunshine duration were also significantly associated with HFMD occurrence. Moreover, children below one year, males and scattered children were more vulnerable to high temperature, high relative humidity and short sunshine duration. These findings highlight the need for more prevention effort to the vulnerable populations and may be helpful for developing an early environment-based warning system for HFMD.

The following are available online at <https://www.mdpi.com/1660-4601/16/19/3639/s1>. Table S1: The df of exposure and lag determined in the cb function, Table S2: The QAIC and sum of PACF for different methods, Table S3: The magnitude of the PACF plot for the first two lag days in different models, Table S4: Spearman's correlation coefficients between meteorological variables and air pollutants in Shenzhen, China, 2009--2017, Table S5: QAIC of multi-meteorological factor models, Figure S1: QAIC and sum of PACF for different df of time splines, Table S6: Compare of the different functions of covariates, Figure S2: The ACF and PACF plot of residuals after removing long-term trends and seasonality (by the time splines with 8 df per year), Figure S3: The estimated overall cumulative association between meteorological variables and HFMD occurrence over 14 days with their distributions, using a natural cubic spline DLNM in uni-meteorological variable models. The red lines are the cumulative relative risks (medians as references), and the gray regions are 95% CIs. Shenzhen 2009--2017, Figure S4: Results of sensitivity analyses by changing the df for controlling long-term trends and seasonality from 7 to 9 and changing the maximum lag days to 21 days, showing the estimated overall cumulative effects over maxlag days (except for NO~2~ over lag0), Figure S5: Lag-response curves with a max lag of 30 for P5, P95 of air temperature and relative humidity on HFMD occurrence. The red points are the relative risks (medians as references), and the black bars are 95% CIs. Shenzhen 2009--2017.

###### 
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![The histograms of meteorological variables and their corresponding estimated overall cumulative association with HFMD occurrence over 14 days. Dotted lines mean 5th percentile (P5) and 95th percentile (P95) respectively.](ijerph-16-03639-g002){#ijerph-16-03639-f002}

![Lag-response curves for P5, P95 of meteorological variables on HFMD occurrence (5th percentile of rainfall was 0 mm, the same with the reference value, so the effect of 5th percentile of rainfall was not shown). The red points are the relative risks (medians as references), and the black bars are 95% CIs. Shenzhen 2009--2017.](ijerph-16-03639-g003){#ijerph-16-03639-f003}

![The estimated overall cumulative association between air pollutants and HFMD occurrence over 14 days with their distributions, using a natural cubic spline distributed lag nonlinear model adjusted by temperature and relative humidity. The red lines are the cumulative relative risks (medians as references), and the gray regions are 95% CIs. Shenzhen 2009--2017.](ijerph-16-03639-g004){#ijerph-16-03639-f004}

![The exposure--response curves of NO~2~ over lag 0 and lag 0--9; lag--response curves for 99th percentile of NO~2~ (106.1 µg/m^3^), calculating single-lag effect and cumulative effect separately.](ijerph-16-03639-g005){#ijerph-16-03639-f005}
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Descriptive statistics of daily children hand, foot, and mouth disease (HFMD) cases, meteorological variables and air pollutants in Shenzhen, China, 2009--2017.

  Variables                       *N*       Mean     Standard Deviation   Minimum   25% Quartile   Median   75% Quartile   Maximum
  ------------------------------- --------- -------- -------------------- --------- -------------- -------- -------------- ---------
  Daily HFMD cases                                                                                                         
  Total (0\~14y)                  357,238   106.6    117.4                0.0       22.0           65.0     156.0          860.0
  Children \< 1y                  50,657    15.4     20.2                 0.0       2.0            8.0      21.0           172.0
  1 ≤ Children \< 3y              185,440   56.4     63.1                 0.0       11.0           33.0     83.0           517.0
  Children ≥ 3y                   121,141   36.9     43.9                 0.0       8.0            22.0     48.0           346.0
  Males                           217,720   66.2     72.2                 0.0       14.0           40.0     100.0          523.0
  Females                         139,518   42.5     47.7                 0.0       8.0            25.0     62.0           353.0
  Scattered children              279,478   85.0     95.5                 0.0       16.0           49.0     124.5          738.0
  Nursery children                67,000    20.4     27.3                 0.0       3.0            10.0     26.0           269.0
  Meteorological variables                                                                                                 
  Air pressure (hpa)              3287      1005.3   6.4                  986.0     1000.6         1005.1   1010.2         1027.3
  Temperature (°C)                3287      23.3     5.6                  3.5       19.1           24.6     28.0           33.0
  Relative Humidity (%)           3287      74.3     13.0                 19.0      68.0           76.0     83.0           100.0
  Rainfall (mm)                   3287      4.9      15.2                 0.0       0.0            0.0      1.0            187.8
  Wind speed (m/s)                3287      2.1      0.8                  0.3       1.5            2.0      2.5            6.7
  Sunshine duration (h/d)         3287      5.2      3.8                  0.0       1.3            5.6      8.7            12.5
  Air pollutants                                                                                                           
  SO~2~ (µg/m^3^)                 3287      10.3     5.2                  3.0       7.0            8.9      12.0           54.8
  NO~2~ (µg/m^3^)                 3287      42.3     18.3                 12.0      29.7           38.3     50.5           166.1
  CO (mg/m^3^)                    3287      1.1      0.4                  0.4       0.8            1.0      1.2            3.3
  O~3~ (µg/m^3^)~2009--2016~      2922      55.5     21.7                 11.8      38.3           51.7     69.9           143.3
  PM~10~ (µg/m^3^)                3287      51.6     28.4                 8.6       30.0           44.8     67.3           374.2
  PM~2.5~ (µg/m^3^)~2013--2017~   1826      32.1     19.7                 5.6       16.9           27.7     42.3           137.1
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###### 

Cumulative effects of meteorological variables and air pollutants on HFMD occurrence over 14 days (except for NO~2~) in total cases and different subgroups, estimated by cumulative relative risk (cRR) and 95% CI in Shenzhen, 2009--2017.

  Variables                  Total                  Male                   Female                 0\~1                   1\~3                   3\~14                  Scattered Children     Nursery Children
  -------------------------- ---------------------- ---------------------- ---------------------- ---------------------- ---------------------- ---------------------- ---------------------- ----------------------
  Meteorological variables                                                                                                                                                                    
  Temperature (P5)           **0.83(0.70, 0.99)**   **0.82(0.68, 0.99)**   **0.76(0.61, 0.93)**   **0.58(0.4, 0.84)**    **0.65(0.53, 0.80)**   **0.79(0.63, 0.98)**   **0.79(0.66, 0.95)**   0.90(0.70, 1.17)
  Temperature (P95)          **1.40(1.29, 1.51)**   **1.46(1.34, 1.60)**   **1.46(1.33, 1.60)**   **2.03(1.77, 2.33)**   **1.65(1.50, 1.81)**   **1.31(1.16, 1.48)**   **1.48(1.36, 1.60)**   **1.25(1.08, 1.45)**
  Humidity (P5)              **0.65(0.59, 0.72)**   **0.62(0.56, 0.70)**   **0.61(0.54, 0.69)**   **0.49(0.41, 0.59)**   **0.60(0.53, 0.67**)   **0.66(0.58, 0.76)**   **0.62(0.56, 0.69)**   **0.64(0.54, 0.76)**
  Humidity (P95)             **1.18(1.11, 1.27)**   **1.22(1.13, 1.31)**   **1.18(1.09, 1.28)**   **1.44(1.28, 1.63)**   **1.21(1.12, 1.3)**    **1.17(1.06, 1.28)**   **1.20(1.12, 1.29)**   **1.19(1.06, 1.34)**
  Sunshine duration (P5)     **1.15(1.05, 1.27)**   **1.18(1.06, 1.31)**   **1.17(1.04, 1.31)**   **1.51(1.29, 1.78)**   **1.17(1.05, 1.31)**   **1.00(0.87, 1.15)**   **1.18(1.07, 1.30)**   1.11(0.94, 1.3)
  Sunshine duration (P95)    **0.89(0.81, 0.98)**   **0.88(0.80, 0.98)**   0.90(0.81, 1.01)       0.99(0.85, 1.14)       **0.88(0.80, 0.98)**   **0.74(0.64, 0.85)**   0.92(0.83, 1.00)       **0.78(0.65, 0.92)**
  Rainfall (P95)             **1.21(1.12, 1.31)**   **1.25(1.14, 1.36)**   **1.23(1.12, 1.35)**   **1.45(1.27, 1.65)**   **1.25(1.14, 1.37)**   **1.36(1.21, 1.53)**   **1.23(1.13, 1.33)**   **1.26(1.09, 1.45)**
  Air pollutants                                                                                                                                                                              
  O~3~ (P99)                 **0.85(0.76, 0.94)**   **0.82(0.73, 0.93)**   **0.84(0.74, 0.96)**   **0.87(0.73, 1.04)**   **0.85(0.75, 0.96)**   **0.78(0.67, 0.92)**   **0.87(0.78, 0.98)**   **0.70(0.57, 0.86)**
  NO~2~ (P99), lag 0         1.02(0.99, 1.05)       1.02(0.99, 1.06)       1.02(0.98, 1.06)       **1.08(1.02, 1.15)**   1.02(0.98, 1.05)       1.01(0.97, 1.05)       1.02(0.99, 1.06)       1.01(0.96, 1.06)
  NO~2~ (P99), lag 0--9      1.05(0.86, 1.28)       1.08(0.87, 1.34)       1.04(0.81, 1.33)       **1.47(1.02, 2.13)**   1.04(0.83, 1.30)       1.00(0.77, 1.30)       1.09(0.88, 1.33)       1.06(0.76, 1.48)

Bold: for *p* \< 0.05.
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